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Abstract 
The article describes the issues of heat losses recuperation in a gasoline-driven mobile refrigeration unit. Heat losses recuperation 
scheme is proposed, and its efficiency analysis is conducted. The ratio of the fuel costs in the drive with a working heat losses 
recuperation system to the fuel costs for the drive without this system is taken as an efficiency criterion. The dependencies of the 
offered efficiency criterion on the operational efficiency of various unit elements are obtained. 
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Nomenclature 
C   compressor; 
ICE   internal combustion engine – compressor drive; 
Cn   condenser; 
E   evaporator; 
R   restrictor; 
Q0   refrigerating capacity of MRU; 
NС  supplied power for the compressor drive; 
QCN   heat flux from the condenser; 
М0   fuel rate in ICE; 
q   fuel specific heat; 
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QE0   fuel heat power, generated in ICE in the absence of the heat losses recuperation system; 
NE0    ICE power in the absence of the heat losses recuperation system; 
ηE   ICE efficiency; 
ER   Rankine engine; 
HE   heat exchanger; 
NE1   ICE power in the heat losses recuperation system; 
QE1   fuel heat power generated in ICE with operating heat losses recuperation system; 
М1   fuel rate in ICE with operating heat losses recuperation system; 
NR   Rankine engine power; 
QR   heat flux supplied to Rankine engine; 
QLOS   heat losses in the heat exchanger; 
ηR   Rankine engine efficiency. 
1. Introduction 
It is known that all the energy required for the mobile compressor unit (MCU) drive is released in the form of 
heat into the environment [1,2,3]. There are methods for increasing the MCU efficiency by applying various heat 
losses recuperation schemes [4,5,6].  
In the condenser of a mobile vapor-compression refrigeration unit (MRU) not only the thermal equivalent of 
power required for the compressor drive but also the unit refrigerating capacity is carried off into the environment 
[7]. It should be noted that MRU occupies a significant segment of refrigeration units. These units are used in oil, 
gas and food industry, as well as in special facilities. In oil and gas industry, MRU are used for collection and 
preparation of gas and gas condensate in oil fields, for extraction of low-boiling light hydrocarbons, for natural gas 
treatment, i.e. the extraction of gas condensate (low temperature separation), for soil freezing (under conditions of 
tundra and permafrost) [8,9]. When preparing gas for transportation, multistage gas cooling with a liquid phase 
extraction is carried out with the use of an additional cooling in the refrigeration unit. Such processes can be seen on 
gas-condenser production fields of Krasnodar Krai, on the Shebelinsky field [8,9]. For example, the mobile 
refrigeration unit PHC – 100 was used for soil freezing at buried structure construction [9]. At the same time, the 
factor limiting MCU application is the high fuel costs for the mobile refrigeration unit drive and its transportation. 
Therefore, the efficiency estimation for the heat losses recuperation system in MRU is also a crucial task. 
2. Study subject 
The study subject is a gasoline-driven mobile vapor-compression refrigeration unit (MRU). The aim of the study 
is to develop a heat losses recuperation system for this unit on the schematic level and to analyse its efficiency. 
The basic diagram of the gasoline-driven MRU, as well as its energy flows, are shown in Fig. 1. 
Fig.1 shows that fuel heat power supplied to the ICE QE0=М0∙q, in the amount of NC=NE0=ηE,∙is spent on the 
compressor drive C, while the largest (1-ηE)∙QE0 is exhausted into the environment. The compressor power NC, in its 
turn, along with the refrigerating capacity supplied to the evaporator E, are also removed through the condenser into 
the environment. 
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Fig.1. The diagram of mobile vapor-compression refrigeration unit and its energy flows. 
3. Methods 
The efficiency analysis of the MRU heat losses recuperation is based on the recuperation dagram given in Fig. 2.  
The heat losses recuperation system includes the heat exchanger HE, with incoming heat flows from ICE and the 
condenser CN, and the circuit realizing the Rankine heat cycle, which can be called a Rankine engine. Power, 
generated by the Rankine engine, is supplied to the compressor drive C, its power NC remaining unchanged. This 
allows reducing the power, fed to the compressor from ICE, from the value NE0 to NE1, thus lowering the fuel 
consumption from M0 to M1. As efficiency criterion for the operation of the MRU heat losses recuperation system 
one should take the ratio М1/М0, being a fraction of fuel consumption in MRU with the recuperation system from 
that of MRU without the recuperation system. Therefore, efficiency analysis for the MRU heat losses recuperation 
system amounts to establishing the dependence of ratio М1/М0 on the main characteristics of the unit items, namely, 
on ICE efficiency ηE, Rankine engine efficiency ηR, the unit refrigeration factor ε, and heat exchanger efficiency 
ηHE. 
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Fig. 2. The diagram of mobile vapor-compression refrigeration unit with the heat losses recuperation system. 
The task analysis is based on the following points. 
1. The heat flow is discharged in the condenser in 
 
       (1) 
 
where ε is the MRU refrigeration factor. 
2. Power NE0 taken from ICE used as a compressor drive in the absence of heat recovery is equal to the 
compressor power NC (the efficiency of the mechanical transmission between the ICE and compressor is 
100%). 
 
        (2) 
 
3. Heat flow, resulting from the fuel burning in ICE in absence of the heat losses recuperation system can be 
represented in the form of: 
 
        (3) 
 
4. ICE power and compressor power, with consideration of (2), can be expressed with the above given 
parameters: 
 
      (4) 
 
Taking into account (1), we can get 
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       (5) 
 
5. During the recuperation of the heat from the compressor and ICE by means of the additional circuit realizing a 
Rankine steam cycle, power , consumed by the compressor, is equal to the sum of the powers from ICE 
NE1 and Rankine engine NR 
 
        (6) 
 
Moreover we assume that the compressor power remained unchanged and corresponds to the expression (4).  
6. In the heat exchanger the heat flows from ICE and the condenser are transformed in the heat flow QR, supplied 
to Rankine engine, with the transformation coefficient equal to the heat exchanger efficiency ηHE (Fig. 2). 
 
       (7) 
 
7.  is the power of the unit implementing a Rankine cycle, with this power supplied to the refrigeration 
compressor. Taking into account expression (7), the formula for , takes the following form: 
 
     (8) 
 
8. In a similar way to expression (3) one can write  
 
        (9) 
 
Therefore 
 
       (10) 
 
9.  By inserting (9) and (5) in equation (8) we get 
 
    (11) 
 
By inserting (11) and (10) in expression (6) we get 
 
    (12) 
 
With consideration of (4), from the expression (12) it follows that 
 
(13) 
 
Dividing the components М1 and М0, one can express the ratio М1/М0, which demonstrates the fraction of the 
fuel costs for the refrigeration unit drive with the heat recovery from that without the recovery : 
 
          (14) 
 
 
The obtained expression characterizes the fuel economy in the unit only due to the heat losses recuperation 
system. This is proven by the following fact. When the Rankine engine efficiency ηR is equal to 0 (no recuperation), 
the ratio М1/М0 is constant and equal to 1; therefore, there is no fuel economy. However, if the new engine with the 
same power but with higher efficiency is installed in the unit, the fuel consumption will decrease and there will be 
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fuel economy. Consequently, the fuel economy should be determined in ratio to some basic engine with the fuel 
consumption M. At the same time, the condition of the refrigerating efficiency is equivalent to the permanency 
condition for compressor power NC. Taking into account (4), the following can be written: 
 
      (15) 
 
where ηE* is a fixed value of the base engine efficiency  
Then from the expression (15), we get  
 
        (16) 
 
 
In this case, the fuel consumption М0 is determined as the fuel consumption with the value depending on the ICE 
efficiency ηE. М0 can also be determined as the fuel consumption in the unit with a new engine but at constant 
compressor power. In this case the ratio М0/М* characterizes the fuel economy at engine replacement with the one 
having higher efficiency. 
Therefore, when the heat losses recuperation system is used or ICE efficiency changes, the fraction of the fuel 
consumption can be expressed by the ratio М1/М*, which can be presented in the following form: 
 
.       (17) 
 
Inserting expressions (14) and (16) in (17), we get formula 
 
 
       (18) 
 
The above given formula takes the following form after simplification: 
 
.      (19) 
 
 
4. Results and discussion 
The calculation of the equation system with described conditions has been made in ANSYS environment with 
CFX software. Construction of the channel models geometry was performed in the module Geometry; construction 
of the finite elements computational grid was done in CFX – Mesh; specification of the boundary conditions and 
calculation parameters was performed in CFX – Pre, solution was done in CFX – Solve, visualization and the 
analysis of results was carried out in CFX – Post. The units of all quantities correspond to SI. The calculation results 
are presented in Table 2, an example of calculation results for a particular case (at kerosene rate V=0.5 m/s and a 
wall temperature twall=2000 qС) is given in Fig. 2, 3 and 4. 
On the basis of formula (19), we performed numerical analysis of ratio М1/М* dependence on the main 
characteristics of the unit elements, namely, on ICE efficiency ηE, Rankine engine efficiency ηR, the unit 
refrigerating coefficient ε, and the heat exchanger efficiency ηHE. The results of this analysis are presented in Fig. 3–
8. Analysis of the obtained results shows that the increase in Rankine engine efficiency leads to М1/М* ratio 
decrease and, therefore, to the increase in the fraction of the saved fuel. Heat exchanger efficiency increase also 
leads to М1/М* ratio decrease. Increase of the unit refrigerating factor effects fuel economy significantly. This 
means that the proposed heat losses recuperation system works more efficiently when the temperature of the cooled 
object is higher. Finally, an increased efficiency of the engine, the refrigeration unit drive, reduces the efficiency of 
the heat losses recuperation system. This effect can be explained by the fact that the increase in the ICE efficiency 
leads to a reduction in the fuel costs in the source system "engine – refrigerating unit". The connection to the heat 
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losses recuperation system lowers the fuel consumption but less significantly than in the case of high fuel 
consumption in a system with low ICE efficiency. 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. The dependence of М1/М* ratio on ICE efficiency ηE and Rankine engine efficiency ηR at heat exchanger efficiency ηHE=0.8 and 
refrigerating factor ε=1.5. 
 
Fig. 4. The dependence of М1/М* ration on ICE efficiency ηE and refrigerating factor ε at Rankine engine efficiency ηR=0.3 and heat exchanger 
efficiency ηHE =0.8. 
 
 
 
 
 
Fig. 5. The dependence of М1/М* ration on Rankine engine efficiency ηR and refrigerating factor ε at ICE efficiency factor ηE =0.3 and heat 
exchanger efficiency ηHE =0.8. 
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Fig. 6. The dependence of М1/М* ratio on ICE efficiency ηE  and heat exchanger efficiency ηHE at refrigerating factor ε=1.5 and Rankine engine 
efficiency ηR =0.3. 
 
 
 
 
Fig. 7. The dependence of М1/М* ratio on Rankine engine efficiency ηR and heat exchanger efficiency ηHE at refrigerating factor ε=1.5 and ICE  
efficiency ηE  =0.3. 
 
 
 
 
 
Fig. 8. The dependence of М1/М* ratio on refrigerating factor ε and heat exchanger efficiency factor ηHE at Rankine engine efficiency ηR =0.3 and 
ICE efficiency ηE  =0.3. 
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5. Conclusion 
According to the results of theoretical analysis, conclusion can be made that MRU is a perspective unit to use the 
heat losses recuperation system. Also, this MRU recuperation system allows reducing fuel consumption. 
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